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Support  system  roll  angle 

Angle  between  missile  roll  axis  and  support  system  yaw  axi 
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1.0  INTRODUCTION 

Previous  experimental  investigations  of  the  flow  behind  a  missile  at 
high  angle  of  attack  have  shown  that  the  asymmetric  vortex  wake  and 
resulting  side  force  is  sensitive  to  roll  angle  and  tunnel  turbulence 
level  (1-4).  In  addition,  it  is  known  that  for  some  angles  of  attack, 
the  vortices  may  be  bi-stable;  the  asymmetric  vortex  structure  may  suddenly 
switch  from  one  stable  state  to  another  (3-5).  The  sensitivity  of  the 
vortex  structure  has  so  far  prevented  the  development  of  adequate  predic¬ 
tion  techniques  for  angles  of  attack  between  about  35  and  70  degrees. 

Three  dimensional  holographic  visualization  of  incompressible  fluid 
flow  about  an  aerodynamic  shape  offers  a  potentially  important  diagnostic 
technique  for  wind  tunnel  studies.  For  the  high  angle  of  attack  problem, 
holography  is  an  optical  technique  which  records  a  volume  of  information 
and  may  permit  in  situ  measurement  of  the  flow. 

Laser  Doppler  techniques  have  been  used  by  several  researchers  to 
investigate  the  high  angle  of  attack  body  vortex  flow  field  (6-8).  Unfor¬ 
tunately  laser  Doppler  techniques  are  single  point  measurements  and  are 
not  useful  for  measuring  three  dimensional  unsteady  flows.  The  use  of 
rapid  double  pulse  holography  provides  a  means  by  which  an  instantaneous 
picture  of  the  three  dimensional  flow  can  be  obtained  in  an  unsteady 
condition  (9). 

In  the  present  study,  hollow  glass  microballoons  were  injected  into 
the  flow  and  rapid  double  pulse  holography  was  used  to  record  the  particle 
positions  in  three  dimensional  space.  However,  difficulties  encountered 
in  switching  reference  beams  resulted  in  usable  data  for  only  one  of  the 
exposures  and  precluded  tracking  the  particles  using  the  present  optical 
reconstruction  system. 

Two  ogive  cylinder  wind  tunnel  pressure  models  were  tested  in  TRW's 
low  speed  wind  tunnel  at  Mach  number,  M  <  .1,  and  angles  of  attack  from 
20  to  50  degrees.  Measured  surface  pressure  data  was  integrated  to  pro¬ 
vide  normal  and  side  force  coefficient  data.  Roll  angle  was  varied  to 
produce  maximum  and  minimum  vortex  asymmetries  and  values  of  side  force 
coefficient. 
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2.0  HOLOGRAPHIC  FLOW  VISUALIZATION 
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Optical  holography  is  a  process  which  records  both  the  amplitude  and 
the  phase  distributions  of  an  optical  wavefront  which  has  interacted  with 
a  scene.  The  recording,  called  a  hologram,  is  made  on  a  high  resolution, 
photographic  emulsion.  The  image  retrieval  process,  termed  reconstruction, 
reproduces  the  wavefronts  of  the  light  as  they  existed  during  the  original 
exposure.  In  viewing  the  reconstructed  hologram,  the  observer  sees  a  true 
three-dimensional  representation  of  the  original  scene. 

Figure  1  shows  the  basic  arrangement  for  recording  and  reconstructing 
transmission  holograms.  The  hologram  is  recorded  through  the  interaction 
of  two  light  beams,  the  object  (or  scene)  beam  and  the  reference  beam  which 
are  mutually  coherent*.  The  reference  beam  is  usually  a  simple  spherically 
expanding  beam  so  that  it  can  be  easily  reproduced  during  the  reconstruction 
process.  The  laser  serves  as  the  common  source  for  both  beams  which  are 
separated  by  means  of  a  beam  splitter. 

For  purposes  of  holographic  flow  visualization,  the  object  wave  is  a 
light  beam  which  transmits  the  fluid  flow  scene.  The  reference  beam 
bypasses  the  flow  and  is  incident  in  the  holographic  plane  at  a  certain 
angle.  Both  light  waves  are  recorded  on  a  holographic  plate  by  a  photo¬ 
graphic  emulsion  process  which  is  sensitive  only  to  the  intensity  or 
energy  of  the  light.  The  light  beam  which  is  emitted  by  the  laser  can  be 
represented  as  a  wave  amplitude  (10-12), 

A  =  ae1U)t  (1) 


which  is  split  into  the  scene  and  reference  beam  as 


\ =  v 


iu)t 


and 


As  =  ase 


iwt 


(2) 

(3) 


*  Coherence  means  that  a  definite,  stable  phase  relationship  exists 
between  different  parts  of  the  beam. 


i- 


3 


Figure  1.  Basic  Arrangements  for  Recording  and  Reconstructing 
Transmission  Holograms 


Then  the  intensity  recorded  on  the  plate  is 

I  =  | A | 2  =  |Ar  +  A$j2  =  (Ar  +  A$)(Ar*  +  A$*)  (4) 

where  the  asterisks  denote  the  complex  conjugate.  A  linear  photographic 
media  after  exposure  to  the  scene  and  reference  beams  will  have  the  follow¬ 
ing  transmission  pattern  T  =  1  -  xlt^  where  k  is  a  property  of  the  emulsion 
and  tE  is  the  exposure  time.  Illumination  of  the  holographic  plate  with  a 
duplicate  of  the  reference  beam  then  recreates  the  light  pattern 

rt0UT  V 

=  [l  -  <tE(aRa$*  +  a$as*)jAR  -  <tEaRa$*AR  -  <tEaR*a$AR  (5) 

The  last  term  is  proportional  to  the  original  wavefront  since 

KtEaR*asAR  =  <tEaR*asaRe1ajt  =  <tEaR*aRase1ajt  =  <tEaR*aRAs  (6) 

The  scene  beam  has  been  altered  only  the  multiplicative  constant 

'kVr*ar  •  <7> 

The  other  two  components  of  the  reconstructed  wavefront  represent  the 
unchanged  reconstruction  wave  and  the  conjugate  scene  beam. 

The  last  term  of  the  reconstruction  presents  the  viewer  with  a  virtual 
image  which  is  indistinguishable  from  the  original  scene.  The  intensity  of 
the  virtual  scene  is 

Iy  =  |-<tEaR*aRAg |2 

=  |aR|-  |A$|2  (8) 

2.1  Double  Exposure  Holographic  Interferometry 

If  the  holographic  plate  is  exposed  twice  to  the  same  reference  beam 
pattern  but  slightly  different  scene  wave  fronts,  the  transmission  recorded 
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(9) 
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on  the  plate  will  be 

T  ■  1  -  <tE(l1  +  I2) 

where  Ij  is  the  intensity  pattern  due  to  the  first  exposure  and  I2  is  the 
intensity  pattern  due  to  the  second  exposure.  Rei 11 umi nation  of  this  pat¬ 
tern  with  the  reference  beam  yields  a  virtual  image  where  intensity  is  now 

Iy  =  |<t£aRaR*  (A$1  +  AS2)|2 

=  ic2tE2|aR|4  (A$1  +  AS2)(AS1*  +  A$?*)  (10) 

If  the  flow  in  the  scene  changes  the  phase  of  the  light  waves  from  one 
exposure  to  the  next  such  that 


A$1  =  asei<l>1  (ID 

A$2  =  asei((J,i  +  A(i>)  (12) 

then  the  intensity  of  the  virtual  image  is 

!y  =  K2tE2|aR|Masl2(2  +  eiA<!>  +  e'iA<t>)  (13) 

or 

Iv  =  2<2tE2  | aR ) 4  j as  | 2 (1  +  cos  ( Acp) )  (14) 

and  the  scene  intensity  varies  as  the  cosine  of  the  change  in  phase  of  the 
scene  beam.  Phase  shifts  of  180°  will  appear  as  black  fringes  within  the 
scene. 

The  changes  in  phase  of  the  optical  wavefronts  recorded  by  holo¬ 
graphic  interferometry  are  the  result  of  changes  in  the  optical  path  length 
traversed  by  the  scene  beam.  The  optical  path  length,  L  =  pathn^dx’ 

is  a  function  of  both  the  physical  path  traversed  and  the  index  of  refraction 
along  this  path.  The  phase  changes  at  the  hologram  are  related  to  the 
path  length  changes  by  A<j>  =  .  Since  the  physical  path  length  is  a 

constant  in  this  experiment,  variations  in  refractive  index  were  required 
to  produce  interference  patterns  which  would  describe  the  flow  field.  To 
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visualize  the  vortex  flow  field,  helium  gas  (nHg=l .000036,  na^r=l .000293) 
was  injected  into  the  flow  after  the  first  exposure  of  the  holographic 
plate.  The  helium  was  entrained  into  the  vortex  structure  and  thus  shifted 
the  phase  of  light  passing  through  the  structures  during  the  second  expo¬ 
sure,  l.e.,  A<J>  =  y- J"(nHe  -  najr)dx  where  nHg  is  dependent  on  the  helium 
concentration.  Upon  reconstruction,  the  three-dimensional  interference 
fringe  patterns  observed  indicated  the  distribution  of  the  helium  within 
the  vortex  structure. 

2.2  Rapid  Double  Pulse  Holography 

Fluid  velocity  measurements  in  three  dimensions  by  particle  tracking 
is  possible  using  holography.  If  the  flow  is  seeded  with  small  particles 
and  a  double  exposure  of  the  fluid  scene  is  made  with  a  well  defined  time 
interval,  then  the  velocity  field  can  be  determined  from  the  reconstructed 
image  provided  that  particle  identification  in  both  exposures  can  be 
determined.  The  reconstructed  flow  field  contains  the  spatial  distribution 
of  particles  at  two  instants  in  time.  The  accuracy  of  the  velocity  measure¬ 
ments  will  depend  on  the  particle  size,  particle  concentration,  and  the 
accuracy  with  which  the  timing  of  the  laser  pulses  is  known.  Note  that 
this  technique  differs  from  holographic  interferometry  as  no  changes  in 
the  optical  path  length  have  been  introduced. 

For  particles  to  follow  streamlines  in  a  vortex  flow,  small  particle 
sizes  (p  %  5  microns  are  required.  However  particles  that  are  too  small 
scatter  less  light  and  are  difficult  to  record.  The  resolution  after 
reconstruction  depends  upon  the  resolution  by  the  photographic  emulsion 
and  importantly  on  the  distance  between  the  particle  and  recording  plane. 

At  present,  particle  sizes  of  about  100  microns  seem  to  be  an  optimum. 

The  time  between  pulses  is  determined  by  the  flow  quantities  to  be 
measured.  The  pulse  time  must  be  chosen  such  that  a  particle  has  been 
able  to  move  a  few  diameters  from  its  original  position  yet  not  so  far 
away  that  particle  identification  becomes  difficult. 

In  order  to  holographically  record  high  speed  events,  it  is  necessary 
to  use  a  pulsed  laser  such  as  a  ruby  laser.  When  operated  in  the  Q-switched 
mode,  the  ruby  laser  produces  short  pulses  having  large  peak  powers.  The 
pulse  durations,  typically  on  the  order  of  30  to  50  nanoseconds,  are  short 
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enough  to  effectively  "stop"  the  motion  of  many  high  speed  events.  Peak 
powers  on  the  order  of  108  watts  may  be  produced  during  these  short  pulses, 
thus  providing  sufficient  light  for  illuminating  fairly  large  scenes.  Ruby 
lasers  can  be  made  to  exhibit  good  coherence  properties,  another  requirement 
for  recording  large  scenes.  The  ruby  laser  produces  light  in  the  visible 
spectrum  (X  =  694.3  nm,  deep  red)  which  means  that  standard  optical  compo¬ 
nents  can  be  used  to  process  the  light  and  that  some  standard  photographic 
emulsions  can  be  used  in  the  recording  process.  Furthermore,  little  distor¬ 
tion  is  introduced  when  the  holograms  are  viewed  with  continuous  wave  lasers 
such  as  HeNe  lasers.  The  HeNe  laser  operates  at  a  wavelength  of  632.8  nm 
which  is  fairly  close  to  the  ruby  wavelength. 
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3.0  TEST  APPARATUS 


3.1  Test  Facility 

TRW's  low  speed  wind  tunnel  is  a  vertically-oriented  recirculating 
facility  capable  of  operating  at  velocities  of  up  to  80  ft/sec  in  the 
11  x  11  inch  test  section. 

An  installation  photograph  of  the  N2B1  model  is  shown  in  Figure  2. 

3.2  Test  Article  and  Support  System 

Two  ogive  cylinder  models  were  used  in  the  present  tests.  The  models 
are  geometrically  similar  to  the  N4B2  and  N2B1  models  used  in  the  MX  (13) 
tests  but  are  based  on  a  1  inch  diameter.  Model  dimensions  are  presented 
in  Table  1 . 

Two  support  systems  were  used  in  the  present  study.  The  support  sys¬ 
tem  shown  in  the  sketch  in  Figure  3  and  in  the  installation  photograph 
Figure  2  allowed  for  model  pitch,  yaw,  and  roll  about  a  center  of  rotation 
near  the  centerline  of  the  wind  tunnel.  The  system  was  designed  so  that 
the  model  could  be  positioned  at  the  desired  angle  of  attack  with  a  yaw 
angle  chosen  to  prevent  the  model  from  blocking  the  laser  scene  beam. 

A  second  support  system  was  used  which  allowed  the  model  to  be  pitched 
only  in  the  Yy,  Zy  plane.  Figure  4.  With  the  second  support  system  the  fixed 
laser  axis  system  was  coincident  with  the  model  axis  system  and  afforded  a 
cross-flow  view  of  the  vortex  structure. 

3.3  Instrumentation 
Pressures 

The  wind  tunnel  models  were  instrumented  each  with  48  pressure  taps 
as  shown  in  Figures  5  and  6.  The  angular  position  of  the  tape  with  respect 
to  the  cross  flow  wind  direction  as  a  function  of  the  roll  orientation  is 
indicated  in  Figure  7.  The  pressure  data  were  obtained  using  an  externally 
mounted  48  port  Scanivalue  connected  to  a  single  +0.1  psi  differential 
pressure  transducer.  Stainless  steel  pressure  tubes  extending  from  the 
surface  taps  to  the  model  base  were  connected  to  the  Scanivalue  using 
1/32  inch  plastic  tubing.  The  plastic  tubing  was  routed  through  a  hole 
in  the  wind  tunnel  wall.  The  total  length  of  the  tubing  was  less  than 
3  feet.  Pressures  read  on  a  digital  voltmeter  were  entered  into  a  data 
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acquisition  program  via  a  remote  terminal  interfaced  with  the  CDC  6600 
computer.  Each  pressure  reading  was  entered  into  the  program  at  the  ter¬ 
minal  and  then  the  Scanivalue  was  advanced  a  step  to  take  the  next  reading 
until  all  48  values  had  been  entered.  The  data  acquisition  program  computed 
and  printed  on  line,  tunnel  test  conditions,  pressure  coefficients,  load 
distribution,  normal  and  side  forces. 

Dual  Reference  Beam  Transmission  Holography  Optics 

The  specific  optical  components  used,  as  well  as  their  relative 
orientations,  will  vary  with  the  scene  under  study  as  well  as  the  form  of 
data  desired.  Figure  8  shows  the  optical  arrangement  for  recording  the 
flow  in  the  wind  tunnel  which  was  used  for  this  program.  The  various 
prisms  and  lenses  serve  to  direct  the  beams  to  the  holographic  plate. 

The  route  of  the  three  beams  is  determined  by  the  condition  that  the 
pathlength  for  each,  from  the  laser  to  the  hologram,  must  be  equal. 

The  light  emitted  by  the  ruby  laser  is  directed  through  a  polarizer 
and  a  Pockels  cell.  The  polarizer  assures  that  the  light  is  linearly 
polarized.  The  Pockels  cell,  when  energized,  will  rotate  the  plane  of 
polarization  by  90°.  This  will  enable  the  reference  beam  to  be  switched 
between  two  separate  paths.  The  beamsplitter  reflects  approximately  4 ! 
of  the  light  into  the  reference  beams.  The  transmitted  beam  becomes  the 
scene  beam.  It  is  expanded  and  collimated  before  being  directed  through 
the  test  section  of  the  wind  tunnel  to  the  hologram.  The  reference  beam, 
which  was  reflected  from  the  beamsplitter,  is  directed  to  a  polarizing 
beamsplitter.  This  element  directs  the  reference  beam  along  one  path  or 
the  other  depending  on  the  plane  of  polarization  of  the  beam.  This  is 
determined  by  the  Pockels  cell.  The  two  reference  beams  are  expanded  and 
collimated.  They  are  then  routed  around  either  side  of  the  test  section 
and  finally  directed  to  the  hologram  by  mirrors. 

The  hologram  produced  by  the  interaction  of  the  scene  beam  with  one 
reference  beam  produces  a  record  of  the  particular  distribution  in  the  flow 
at  a  particular  instant  in  time.  A  second  hologram  on  the  same  film  plate 
is  recorded  shortly  thereafter  (^200  ysecs)  using  the  same  scene  beam  but 
the  other  reference  beam.  This  is  accomplished  by  pulsing  the  laser  twice 
and  switching  the  state  of  the  Pockels  cell  between  the  two  pulses. 
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The  holographic  image  can  only  be  reconstructed  with  a  beam  which 
impinges  on  the  hologram  with  the  same  angle  as  the  recording  reference 
beam.  The  two  images  are  thus  completely  independent  and  can  be  viewed 
either  singly  or  superimposed  by  selecting  the  direction  of  the  reconstruc¬ 
tion  beam.  Flow  velocities  may  be  subsequently  determined  by  measuring 
particle  displacements  between  the  two  holographic  exposures. 

The  acceptable  orientation  of  the  model  in  the  wind  tunnel  is  con¬ 
strained  by  the  requirement  that  the  volume  of  interest  be;  1)  illuminated 
by  the  laser  and  2)  viewable  from  the  position  of  the  hologram.  The  small 
microballoons  needed  to  track  the  flow  can  only  be  viewed  by  a  form  of 
forward  light  scattering,  i.e.,  reflection  of  light  from  the  particles  is 
not  practical.  It  is  therefore  unavoidable  that  some  part  of  the  scene 
will  be  blocked  from  view  by  the  opaque  model  and  that  another  part  of 
the  scene  will  be  in  the  shadow  of  the  model.  The  optics  must  be  configure! 
so  that  the  areas  of  interest  are  properly  illuminated  and  not  obscured. 

The  optical  system  was  designed  so  that  the  scene  beam  was  aligned  at  a 
45  degree  angle  with  respect  to  the  vertical  axis  of  the  tunnel. 

In  the  installation  photo.  Figure  2,  the  beam  is  directed  from  the 
lower  window  port  to  the  upper  port.  The  holographic  plate  (not  shown) 
was  positioned  just  on  top  of  the  I-beam  tunnel  support  structure  (seen 
at  the  top  of  the  photo).  The  view  from  the  hologram  was  thus  looking 
down  at  a  45°  angle.  With  the  model  set  for  a  45°  angle  of  attack,  it 
was  possible  to  look  directly  down  the  model  axis,  see  Figure  9. 

The  optical  arrangement  for  reducing  the  particle  data  is  illustrated 
in  Figure  10.  A  15  mw  HeNe  laser  was  employed  because  it  has  a  continuous 
beam,  produces  enough  light  to  yield  a  bright  image  which  can  be  easily 
viewed  and  photographed,  and  its  wavelength  (632.8  mm)  is  sufficiently 
close  to  the  wavelength  of  the  ruby  laser  with  which  the  holograms  were 
made  so  as  to  introduce  little  distortion  into  the  reconstruction  process. 

The  spatial  filter/collimator  produces  a  clean,  uniform  beam  having  a  50  mm 
diameter.  Since  it  was  desired  to  be  able  to  look  at  either  image  separately 
or  superimpose  one  over  the  other,  a  50%  beam  splitter  was  used  to  produce 
two  identical  beams  which  could  be  independently  shuttered.  The  two  sets 
of  lenses  served  both  to  focus  the  beams  through  the  small  apertures  of  the 
shutters  and  to  increase  the  diameters  of  the  beams  to  about  80  mm.  The 
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Figure  10.  Dual  Reference  Beam  Reconstruction  System 
for  Particle  Tracking. 


two  beams  were  then  routed  to  the  hologram  along  separate  paths  which 
closely  paralleled  those  used  when  the  hologram  was  made.  The  mirrors 
in  the  beam  paths  have  fine  adjustment  which  allow  the  reference  beams 
to  be  "fine  tuned"  in  order  that  the  two  images  will  properly  align.  The 
two  recticles  which  occur  in  every  image  are  used  to  determine  when  the 
alignment  is  accomplished. 

The  lens  behind  the  hologram  serves  two  purposes.  First,  it  serves 
to  focus  the  collimated  scene  beam  to  a  point  where  it  can  be  filtered 
from  the  image.  For  this  case,  the  fourier  filter  is  in  actuality  a  beam 
stop.  The  second  and  more  important  purpose  of  the  lens  is  to  transfer  a 
real  image  of  the  holographic  scene  to  the  image  plane  where  it  can  be 
analyzed  with  a  traveling  microscope. 

A  microscope  assembly  was  constructed  which  provided  three  axis 
(x,y,z)  coarse  and  fine  adjustments.  A  LVDT  transducer  was  attached  to 
each  axis  so  that  electronic  readout  of  the  microscope  position  could  be 
obtained.  The  outputs  of  the  LVDT's  were  sent  to  three  microprocessor 
controlled,  electronic  voltmeters  which  scaled  the  outputs  into  the  true 
coordinates  of  the  microscope  position. 

Holographic  Interferometry 

The  arrangement  of  optical  components  for  the  holographic  interfero¬ 
meter  was  essentially  the  same  as  the  set  up  shown  in  Figure  8.  However 
only  one  reference  beam  was  used  to  make  the  interferogram.  The  first 
exposure  was  made  with  air  only  in  the  tunnel .  The  second  exposure  was 
made  after  helium  had  been  introduced  into  the  flow.  The  helium  was  intro¬ 
duced  into  the  flow  through  a  1/4  inch  stainless  steel  tube  which  was 
usually  placed  about  1/2  inch  directly  above  the  model  nose  apex.  The 
flow  of  helium  was  regulated  by  installing  a  Lee  jet  orifice  in  the  supply 
line  from  the  helium  bottle.  The  orifice  size  was  selected  to  match  the 
momentum  flux  of  helium  with  that  of  the  surrounding  tunnel  flow. 

Two  images  were  recorded  on  the  same  film  plate  with  the  same  reference 
beam.  The  resulting  interferogram,  which  appears  when  the  hologram  is 
reconstructed,  exhibited  a  pattern  of  light  and  dark  optical  fringes  through 
out  the  portion  of  the  scene  containing  concentrations  of  helium. 


22 


1 


One  important  difference  in  the  set  up  was  the  placement  of  a  double 
sheet  of  ground  glass  (separated  by  about  an  inch)  in  the  scene  beam  over 
the  test  section  window  port  nearest  the  optics.  Since  each  point  of  the 
ground  glass  plate  acted  like  a  point  source,  a  continuum  of  beam  direction 
traversed  through  the  test  scene.  Upon  reconstruction  this  meant  that  the 
scene  could  be  examined  from  different  points  of  view. 

The  set  up  without  the  ground  glass  consisted  of  collimated  light 
which  when  viewed  upon  reconstruction  appeared  as  a  small  bright  spot 
twelve  feet  behind  the  model.  The  addition  of  the  ground  glass  to  the 
optics  reduced  the  resolution  of  the  reconstructed  image  to  the  point  that 
the  set  up  would  not  be  useful  for  observing  small  particles.  However,  for 
interferometry  the  scene  was  much  easier  to  view  and  subsequently  photograph. 

The  reconstruction  system  used  in  the  present  study  is  shown  in 
Figure  11.  Photographs  of  the  holographic  interferogram  were  taken  with 
a  view  camera.  The  camera  is  shown  mounted  on  the  optical  rail  in  front 
of  the  holographic  plate  in  Figure  11.  The  image  was  reconstructed  using 
a  HeNe  laser,  and  the  camera  was  focused  on  the  virtual  image  behind  the 
plate.  The  view  camera  focal  length  was  fixed  and  focusing  on  the  image 
was  obtained  by  sliding  the  camera  along  the  rail. 


23 


(  , 


•  rW 


REFERENCE 


Figure  11.  Camera  Arrangement  for  Recording  the 

Virtual  Image  of  Reconstructed  Hologram 
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4.0  TEST  PROCEDURE 


4.1  Test  Conditions  and  Technique 

The  data  contained  in  this  report  were  obtained  at  free  stream  Mach 
numbers  less  than  M  =  0.1.  The  stream  velocity  was  about  70  ft/sec  and 
the  free  stream  Reynolds  number  per  foot  varied  from  3.7  x  105  to  4.0  x  105 

The  pressure  coefficient  and  flow  visualization  data  was  obtained  by 
first  setting  the  model  to  the  desired  orientation  and  then  adjusting  the 
tunnel  to  the  desired  operating  condition. 

Holographic  Interferometry 

The  test  procedure  for  obtaining  flow  field  interferograms  was  to  fire 
the  laser  to  record  one  image  on  the  film  plate,  and  then  to  inject  helium 
into  the  flow  and  expose  the  plate  a  second  time. 

The  experimental  procedure  involved  recording  the  pressures  either 
some  time  before  or  after  the  interferograms  were  made.  In  some  cases, 
the  pressure  data  was  recorded  directly  after  recording  the  holograms.  In 
every  case,  pressures  were  recorded  before  the  model  was  set  to  a  new  angle 
or  roll  orientation. 

Rapid  Double  Pulse  Holography 

The  procedure  for  recording  the  particle  holograms  consisted  of  inject 
ing  particles  into  stream  and  double  pulsing  the  ruby  laser.  The  first 
pulse  followed  reference  beam  path  No.  1.  The  second  pulse,  delayed  200 
microseconds  from  the  first,  followed  reference  beam  path  No.  2.  The  scene 
beam  path  was  the  same  for  both  pulses.  The  particles  were  injected  into 
the  stream  in  the  settling  chamber  just  above  the  wind  tunnel  contraction 
section. 

The  particle  injector  consisted  of  a  six  by  eight  inch  plexiglass  box 
with  five  inlet  ports  arranged  to  create  a  swirling  flow  and  exit  port  with 
an  electronically  controlled  valve.  The  box  was  filled  with  hollow  glass 
spheres  which  were  in  the  range  of  40  to  120  microns  in  size.  Before  each 
particle  run,  the  box  was  pressurized  with  nitrogen  gas.  When  tunnel 
operating  conditions  were  reached,  an  electronic  timer  was  activated  which 
opened  the  valve  on  the  particle  box  and  then  double  pulsed  the  ruby  laser 
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at  a  predetermined  delay  time.  The  delay  time  was  calculated  to  allow  the 
particles  time  to  flow  downstream  to  the  vicinity  of  the  model. 

4.2  Data  Reduction 

The  pressure  data  for  all  of  the  runs  were  reduced  to  coefficient  form 
and  integrated  to  give  the  load  distribution  and  aerodynamic  normal  to  side 
force  coefficients.  Photographs  of  the  holographic  interferograms  were 
taken  showing  details  of  the  vortex  structure.  The  particle  flow  field  was 
reconstructed  using  a  HeNe  laser  and  particles  were  viewed  with  a  microscope 
focused  on  the  real  image.  The  completed  test  matrix  is  presented  in 
Table  2. 

Force  and  Pressure  Data 

The  normal  force,  N,  and  pitching  moment,  M,  on  the  three  dimensional 
body  of  revolution  were  obtained  by  integration  of  the  normal  force  per 
unit  length  dN/dX*  over  the  body  length.  Similarily  the  side  force  Y,  and 
yawing  moment,  MY,  were  obtained  by  integration  of  the  side  force  per  unit 
length  dY/dX*. 

The  normal  and  side  force  acting  on  the  body  are 

£ 

N  =/S*  dX*  {15) 

0 

£ 

Y  =/s* dx*  (16) 

0 

and  the  pitch  and  yaw  moments  about  some  moment  center  (X*,  Y*,  Z*)  = 

(Ad,  0,  0)  are: 
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Ma  =y*(X*  +  R*  |[j[J)  dX*  +  dAN  (17) 
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If  the  coordinates  are  non-dimensional ized  by  the  body  diameter  and 
the  forces  and  moments  are  non-dimensional ized  as: 
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where  S  is  the  frontal  area  S  =  iTd2/4,  and  R  =  R*/(d/2)  the  the  force  and 
moment  coefficients  become, 
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where  f  is  the  fineness  ratio,  £/d,  and 
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with  the  usual  pressure  coefficient  defined  as 

p*  p* 
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p  hP  V2 


(34) 


Holographic  Interferometry 

Helium  injection  involves  the  use  of  helium  to  change  the  local  index 
of  refraction  of  the  incompressible  flow  field  in  comparison  to  the  reference 
scene  of  air.  Double  exposure  holography  is  a  technique  to  record  the  con¬ 
centration  of  helium  at  some  time  after  it  has  been  introduced  into  the  flow. 
If  the  helium  follows  flow  streamlines  then  filament  lines  are  recorded.  A 
filament  line  is  the  line  joining  the  instantaneous  positions  of  all  particles 
that  have  passed  through  a  given  point  in  the  fluid.  Smoke  has  been  used 
(11,14)  in  the  same  manner  where  the  filament  lines  recorded  photographically. 
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There  are  at  least  two  limitations  to  methods  of  injecting  tracer 
fluids  (or  gases)  to  mark  the  filament  lines  that  must  be  considered: 
(1)  buoyancy  effects,  and  (2)  diffusion  effects.  Because  of  the  low 
density,  fluid  elements  of  helium  will  tend  to  move  towards  regions  of 
low  pressure,  such  as  vortex  core. 

The  effect  of  diffusion  can  be  estimated  by  approximating  Fick's 
Law  of  Diffusion  (15) 


j  =  D  grad  p 


Fick's  Law 


where  D  =  mass  diffusivity  =  .11  in2/sec  (He-Air) 

J  =  diffusive  current 
p  =  density 

d  =  diameter  of  a  streamtube 
L  =  length  of  a  streamtube 

Now,  for  the  effect  of  diffusion  to  be  small  the  mass  diffused  through  a 
surface  during  time  At  =  L/U  must  be  less  than  the  mass  contained  in  the 
convected  volume,  i.e., 

dL  At  m K<  nr Lp 


U  » 


If  we  consider  a  streamtube  of  diameter  d  =  .25  inches  and  length  L  =  10 
inches  (model  length)  then 

U  >>  12  ft/sec 

for  diffusion  effects  to  be  small.  Since  freestream  velocities  for  the 
present  tests  were  greater  than  about  60  ft/sec,  diffusion  is  expected 
to  represent  a  small  effect. 

The  original  objective  of  the  experiment  was  to  introduce  helium  in  the 
core  region  of  the  body  vortices  so  their  locations  could  be  measured  in 
three  dimensions. 
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V  , 


To  better  understand  the  missile  wake  interferograms ,  TRW  conducted  a 
small  independent  interferometric  investigation  of  the  flow  field  behind  a 
delta  wing  with  a  leading  edge  sweep  angle  of  76  degrees  and  with  a  root 
chord  length  of  six  inches.  The  delta  wing  was  machined  from  a  .25  inch 
aluminum  plate  and  had  sharp  beveled  leading  edges. 

Photographs  of  the  delta  wing  holograms  are  presented  in  Figures  13, 

14,  and  15.  Figure  12  shows  the  delta  wing  and  missile  models.  The  support 
system  shown  in  Figure  12  was  used  to  take  the  data  in  Figure  14.  A  second 
bent  sting  support  system  was  used  to  take  the  front  views  in  Figures  13 
and  15. 

Figure  15  shows  the  wake  behind  a  delta  wing  and  indicates  fairly  well 
defined  cores.  Other  runs.  Figures  13  and  14,  clearly  show  that  the  concen¬ 
tration  of  helium  is  not  confined  to  the  core  region.  However,  vortex  struc¬ 
tures  are  clearly  evident.  The  reasons  for  the  apparent  dispersal  of  helium 
in  some  cases  is  twofold.  First  the  helium  jet  has  a  finite  thickness  and 
therefore  represents  a  collection  of  filament  lines  which  impinge  on  the 
model  surface  and  follow  different  streamlines  through  the  fluid.  The 
holographic  interferogram  is  a  recording  of  a  conglomeration  of  filament 
lines.  Secondly  fringes  are  due  to  changes  in  the  optical  path  of  light 
traveling  through  the  entire  vortex  structure.  A  single  filament  which 
spirals  along  the  vortex  (Ref.  14,  plate  22)  may  appear  as  a  diffuse  vor¬ 
tex  as  in  Figure  13. 

Particle  Tracking 

The  procedure  for  reducing  the  particle  data  from  the  double  pulse 
holograms  involved  precisely  superimposing  the  two  images  in  order  to 
obtain  the  velocity  fields.  The  procedure  was  to  first  identify  a  particle 
pair,  i.e.,  the  corresponding  images  of  the  same  particle  from  each  image. 
This  was  done  by  "blinking"  the  shutter  system,  see  Figure  10,  rapidly  so 
that  the  viewer  saw  alternating  images.  This  approach  (often  used  by  astro¬ 
nomers)  aids  in  identifying  pairs.  The  crosshairs  of  the  microscope  are 
positioned  over  the  particle  image  in  scene  #1  and  the  electronic  readouts 
are  zeroed.  The  microscope  is  then  adjusted  so  that  the  crosshairs  lie  over 
the  particle  in  scene  #2.  The  electronic  readouts  now  display  the  x,  y  and  z 
distances  traveled  by  the  particle  between  the  two  exposures.  These  numbers 
can  then  be  divided  by  the  time  interval  between  the  exposures  (typically 


Figure  12,  Wind  Tunnel  Models 


Figure  13.  Delta  Wing  at  45  Degrees  Angle  of  Attack, 
Front  View  Along  Body  x-axis 


I 


Figure  14.  Delta  Wing  at  45  Degrees  Angle  of  Attack, 
Side  View 


Figure  15.  Delta  Wing  at  45  Degrees  Angle  of  Attack, 
Front  View  Along  Free  Stream  Direction 
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200  ysec)  in  order  to  obtain  the  particle  velocity.  This  sequence  is  then 
repeated  for  other  particles  in  the  scene  until  the  velocity  field  has  been 
mapped. 
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5.0  RESULTS 


Side  and  normal  force  coefficients  obtained  from  pressure  integration 
are  presented  in  Figures  16  and  17  for  the  N4B2  body  at  45  degrees  angle 
of  attack  case  with  roll  angle  as  a  parameter.  Because  only  three  pressure 
stations  were  available  the  total  integrated  forces  are  only  approximate. 
Equations  (28)  and  (29)  were  numerically  integrated  using  the  trapezoidal 
rule  over  five  points.  At  x/d  =0,0^=  0,  and  =  0.  At  x/d  =  x/£, 
was  taken  as  =  0,  and  was  extrapolated  by  choosing  the  value  of 
Cd(x/£)  =  C{j(x/il  =  last  station). 

The  circumferential  pressure  distributions  are  presented  in  Figure  18 
for  roll  angles  corresponding  to  maximum  positive,  minimum  negative  values 
of  side  force.  The  pressure  distributions  in  Figure  18  indicate  that  as 
the  roll  angle  varies  from  45  to  270  degrees,  the  vortex  structure  assumes 
an  almost  mirror  image  asymmetric  state.  Holographic  inteferograms  and 
double  pulse  particle  holograms  were  taken  with  the  roll  angle  fixed  at 
<J>  =  270°  where  large  vortex  asymmetries  were  apparent.  The  fringe 
patterns  shown  in  Figure  19  were  taken  with  the  camera  focused  at  pressure 
station  2  (x/d  =  4.80).  The  view  is  looking  down  the  missile  axis  from 
the  nose.  For  each  set  of  holographic  interferograms  taken  at  fixed  angle 
of  attack  and  roll  angle,  a  set  up  hologram  was  made  in  which  a  pin  was 
installed  in  a  station  2  pressure  tap.  Later  the  set  up  hologram  was 
reconstructed  and  the  camera  moved  along  the  optical  rail  until  the  pin 
came  into  sharp  focus. 

The  set  up  hologram  was  then  replaced  by  the  data  hologram  which  was 
photographed.  By  sliding  the  camera  in  or  out  along  the  rail  a  distance 
corresponding  to  the  distances  between  the  pressure  stations,  fringes  could 
also  be  photographed  at  pressure  station  1  and  3.  In  most  of  the  cases, 
the  best  fringes  were  obtained  near  the  nose  of  the  model  where  the  helium 
was  usually  introduced.  Fringes  at  station  3  were  usually  light  because 
of  light  concentrations  of  helium.  To  facilitate  comparison  with  the 
pressure  distributions,  the  photos  have  been  inverted  so  that  the  uniform 
flow  is  from  the  bottom  of  the  picture. 

The  pressure  distribution  in  Figure  20  is  seen  to  correspond  to  the 
vortex  structure  as  depicted  in  Figure  19.  A  strong  vortex  existing  near 
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Figure  17.  Effect  of  Roll  Angle  on  N4B2 
Normal  Force  Coefficient. 
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Figure  18.  Pressure  Distribution  on  N4B2. 

Run  3,  Angle  of  Attack  a=45°. 
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Figure  18.  Pressure  Distribution  on  N4B2, 
Run  3,  Angle  of  Attack  a=45°. 
(Continued) 
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the  body  on  the  right  side  is  Indicated  by  the  fringes  close  to  the  model 
while  on  the  left  side  the  fringes  indicate  a  more  elongated  weak  vortex 
structure.  The  strong  vortex  on  the  right  side  induces  high  backflow 
velocities  on  the  body  and  hence  low  pressures.  It  is  worthwhile  to  note 
that  Run  7  was  completed  several  days  after  the  initial  roll  survey  of 
Run  3,  and  that  the  Run  7  pressure  distribution  at  the  270  degrees  roll 
position  remained  very  nearly  the  same  as  that  measured  previously. 

Fringe  patterns  for  N4B2  at  50  degrees  angle  of  attack  are  presented 
in  Figure  21  for  a  view  directly  down  the  missile  axis.  The  corresponding 
pressure  distribution  is  presented  in  Figure  22.  The  focal  plane  in 
Figure  21a  is  at  station  1,  x/d  =  1.92.  A  well  formed  vortex  is  evident 
near  the  nose  on  the  right  side.  On  the  left  side  it  appears  that  a  vor¬ 
tex  is  just  forming  at  0  ^  120  degrees.  The  formation  of  this  vortex  is 
indicated  in  the  pressure  distribution  at  station  1  at  about  0  =  120  to 
145  degrees.  The  pressures  in  Figure  22  indicate  that  the  left  vortex 
still  dominates  the  pressure  field  at  station  2  but  is  then  weak  or  is 
shed  and  a  right  vortex  is  dominant  at  the  last  station.  The  fringe 
pattern  at  station  2,  Figure  21b,  is  less  defined  than  at  station  1  pro¬ 
bably  because  of  a  reduced  concentration  of  helium.  However  the  dark  spot 
on  the  left  side  nearer  the  rear  stagnation  point  indicates  that  a  strong 
vortex  may  still  exist  there  and  account  for  the  pressure  minimum  at 
0  =  90  to  135  degrees  in  Figure  22  at  x/d  =  4.80. 

The  side  force  coefficient  on  N4B2  as  a  function  of  angle  of  attack 
is  presented  in  Figure  23  together  with  values  measured  on  the  geometrically 
similar  MX  (13)  model.  The  normal  force  coefficient  compared  with  the  MX 
data  is  presented  in  Figure  24.  While  the  side  force  is  of  the  same  order 
of  magnitude,  the  values  of  normal  force  computed  from  the  measured  pressure 
distribution  are  larger  than  were  measured  in  the  MX  tests.  Side  force  and 
normal  force  coefficient  for  the  N2B1  body  are  plotted  versus  angle  of 
attack  in  Figures  25  and  26.  Again  the  side  force  coefficient  falls  within 
the  range  of  the  MX  data  but  values  of  normal  force  coefficient  appear  to 
be  high. 

The  local  normal  force  coefficient  distribution  along  N2B1  is  pre¬ 
sented  in  Figure  27  along  with  the  MX  data.  MX  pressure  data,  Figure  28, 
integrated  using  the  data  analysis  routines  developed  for  the  present 
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Figure  21a.  N4B2  Interferogram  Focused  at  Station  1,  x/d  =  1.92, 
Angle  of  Attack,  .  =  50° 


Figure  21b.  N4B2  Interferogram  Focused  at  Station  2,  x/d  =  4.80, 
Angle  of  Attack,  x  =  50° 
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Figure  22.  Pressure  Distribution  on  N4B2, 
Run  9,  Angle  of  Attack  a=50°. 
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Figure  23.  N4B2  Side  Force  Coefficient  variation 
Vlith  Angle  of  Attack. 
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Figure  27.  Normal  Force  retribution  on  N2B1 
at  45  Degrees  Angle  of  Attack. 
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Figure  28.  Pressure  Distribution  on  N2B1 ,  MX 
Run  327,  Angle  of  Attack  <=45°. 
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program  yielded  results  almost  identical  to  the  values  of  local  normal 
force  obtained  by  AFFDL.  At  the  first  pressure  station  the  value  of  local 
normal  force  in  the  present  work  agrees  closely  with  the  AFFDL  MX  value. 
However,  the  calculated  values  of  local  normal  force  at  station  2  and  3 
for  the  present  experiment  is  much  higher  than  the  values  obtained  in  the 
MX  work.  As  seen  in  the  pressure  distribution  plots  for  the  45  degree 
angle  of  attack  case,  Figure  29,  the  present  values  are  much  lower  over 
the  lee  side  of  the  missile. 

A  photograph  of  the  fringe  pattern  looking  down  the  x-axis  of  N2B1  at 
45  degrees  angle  of  attack  is  presented  in  Figure  30.  The  fringes  for  this 
case  were  very  light  and  difficult  to  photograph.  However,  upon  close 
inspection,  two  vortex  cores  can  be  seen  very  close  to  the  body  surface. 

N2B1  pressure  distributions  at  30  and  20  degrees  angle  of  attack  are 
presented  in  Figures  31  and  32.  An  interferogram  of  the  N2B1  model  at 
30  degrees  angle  of  attack  is  presented  in  Figure  33.  The  body  is  difficult 
to  distinguish  in  the  photograph  because  the  model  blocks  the  laser  light. 
However,  the  model  is  yawed  toward  the  top  window  as  it  appears  in  the 
installation  photograph.  Figure  2. 
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Figure  31.  Pressure  Distribution  on  N2B1 , 

Run  18,  Angle  of  Attack  a=30° . 


Figure  33.  N2B1  Interferogram  Taken  From  the  Side, 
Angle  of  Attack,  <  =  30° 
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6.0  DISCUSSION 


Two  holographic  flow  visualization  techniques  were  used  to  examine 
the  high  angle  of  attack  flow  field.  Holographic  interferometry  was  used 
to  visualize  the  vortex  structure.  Rapid  double  pulse  holography  of  a  flow 
seeded  with  small  particles  was  used  to  record  the  spatial  distribution  of 
the  particles  at  two  instants  in  time  so  that  the  three  dimensional  velo¬ 
city  field  could  be  later  mapped. 

Objectives  of  the  present  effort  were: 

1.  To  measure  the  u,  v,  w  components  in  the  vortex  wake 

2.  To  determine  the  unsteady  nature  of  the  vortex  flows 

3.  To  measure  the  x,  y,  z  locations  of  the  vortex  cores 

4.  To  determine  the  structure  of  the  wake  as  affected  by 
the  roll  angle  and  nose  geometry 

5.  To  measure  surface  pressures. 

Objective  5  was  successful  and  objectives  3  and  4  were  partially  successful 
in  a  qualitative  sense.  Objectives  1  and  2  were  not  met. 

The  initial  purpose  of  using  holographic  interferometry  was  to  develop 
a  method  which  could  be  used  to  locate  the  position  of  the  vortex  core  in 
three  dimensional  space.  The  idea  was  that  helium  would  be  entrained  into 
the  vortex  core  and  appear  as  a  tight  band  of  fringes  which  could  be 
observed.  In  practice,  helium  was  entrained  not  only  into  the  core  region 
of  the  vortex,  but  into  the  entire  vortex  structure.  Missile  flow  field 
fringe  patterns  were  obtained  which  were  difficult  to  interpret. 

To  gain  a  better  understanding  of  the  phenomena  the  interferometric 
technique  was  used  to  visualize  the  flow  over  a  delta  wing  at  angle  of 
attack.  Because  the  delta  wing  vortex  structure  is  better  defined  experi¬ 
mentally  and  more  easily  modeled  mathematically,  the  observed  fringe 
pattern  was  easier  to  interpret. 

Interferograms  of  the  delta  wing  flow  were  obtained  which  clearly 
visualized  the  entire  vortex  structure.  In  chordwise  views  core  locations 
were  apparent.  However,  because  fringes  are  due  to  changes  in  the  optical 
path  of  the  light  traveling  through  the  entire  structure,  the  spanwise 
location  of  the  cores  was  not  obvious.  Views  looking  from  the  side  appeared 
much  as  the  side  views  of  the  missile  flow.  Again  because  helium  was 
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entrained  into  the  entire  structure  and  not  just  the  core,  and  because  the 
fringes  represent  the  integral  over  the  physical  path  length  of  all  the 
changes  in  index  of  refraction,  core  locations  could  not  be  obtained 
directly  from  the  photographs.  It  is  important  to  note  that  the  three 
dimensional  information  is  contained  in  the  holograms.  However,  the  analy¬ 
sis  required  to  extract  that  information  is  formidable.  In  fact,  for 
complicated  three  dimensional  flows  of  this  type,  no  general  method  has, 
to  our  knowledge  so  far  been  developed. 

A  dual  reference  beam  transmission  holocamera  was  set  up  to  record 
the  flow  seeded  with  small  particles. 

A  "quick  look"  reconstruction  system  was  set  to  permit  either  view 
to  be  studied,  but  it  was  not  possible  to  superimpose  both  holograms  and 
view  the  composite  image.  Without  this  capability,  positive  identification 
of  particles  could  not  be  made.  Therefore,  the  quality  of  the  data  was 
not  known  precisely  until  after  the  test  series  was  completed.  Thus,  it 
was  not  possible  to  close  the  loop  and  make  the  changes  in  the  test  proce¬ 
dure  which  were  indicated  by  the  data  obtained. 

During  the  data  reduction  phase  of  the  program,  a  number  of  problems 
with  the  data  format  became  apparent.  Several  changes  in  the  test  techni¬ 
ques  (for  the  most  part  minor)  were  indicated.  A  discussion  of  the  logic 
behind  these  test  techniques  and  the  desireable  changes  is  presented  below. 
It  is  hoped  that  this  will  serve  as  a  useful  guide  for  future  experiments 
in  this  area. 

A  light  field  transmission  holographic  technique  was  chosen  because 
of  the  flexibility  it  allows  during  the  data  reduction  phase.  A  collimated 
scene  beam  was  used  to  illuminate  the  test  volume.  A  number  of  options  are 
then  available  for  the  selection  of  viewing  optics.  The  choice  is 
governed  mainly  by  the  desired  method  for  reducing  the  data.  For  example, 
magnification  lenses  may  be  used  to  improve  the  resolution,  transfer  lenses 
to  produce  a  real  image  or  a  field  stop  to  filter  out  the  background  illu¬ 
mination. 

In  practice,  the  hologram  can  be  placed  at  any  point  in  the  optical 
path  (after  the  test  volume).  When  optics  are  positioned  between  the  test 
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volume  and  the  hologram,  the  data  reduction  technique  is  locked  in.  By 
positioning  the  hologram  directly  in  the  collimated  scene  beam  with  no 
optics  between  it  and  the  scene,  total  flexibility  in  choosing  the  recon¬ 
struction  technique  is  retained.  It  was  felt  that  this  flexibility  was 
essential  due  to  the  uncertainties  in  the  quality  of  the  data  which  would 
later  be  obtained. 

The  flexibility,  however,  is  not  without  a  cost.  The  bright  field 
hologram  has  a  very  poor  signal -to-noi se  ratio.  While  fourier  filtering 
can  be  (and  was)  used  to  filter  out  the  background  noise,  the  efficiency 
of  this  process  is  higher  if  performed  before  the  hologram.  Furthermore, 
the  efficiency  of  the  holographic  recording  is  enhanced  and  its  noise 
reduced  if  a  lower  intensity  scene  beam  is  used.  Another  related  problem 
arises  from  the  fact  that  shadow  regions  exist  about  the  model  which  are 
equivalent  to  dark  field  holograms.  This  results  in  some  confusion  in 
the  data  interpretation.  As  it  turned  out,  the  particle  data  could  only 
be  read  against  a  dark  field.  Therefore,  it  would  have  been  better  had 
the  filtering  process  occurred  ahead  of  the  hologram.  This  could  have 
been  accomplished  by  focusing  the  scene  beam  onto  a  field  stop  located 
immediately  in  front  of  the  hologram. 

A  second  problem  area  relates  back  to  the  symmetry  of  the  experimental 
set  up.  The  efficiency  and  signai-to-noise  ratio  of  the  holographic  record¬ 
ing  is  a  function  of  the  angles  between  the  scene  and  reference  beams  and 
between  these  beams  and  the  hologram  itself.  In  order  to  meet  the  require¬ 
ments  that  the  two  holographic  images  superimpose  precisely  and  have  similar 
intensities,  a  symmetrical  optical  arrangement  was  chosen.  Each  reference 
beam  impinged  on  the  hologram  at  precisely  the  same  angle,  but  from  opposite 
sides.  It  was  found  that  many  of  the  holograms  contained  "ghost"  images 
of  a  bright  point  at  infinity  which  could  not  be  focused.  These  "ghost" 
images  tended  to  lie  over  the  true  scene  image  and  tended  to  confuse  the 
reconstruction  process.  It  was  determined  that  these  "ghosts"  were  due  to 
second  order  diffraction  effects  from  the  other  reference  beam.  The  symme¬ 
try  caused  this  diffracted  "ghost"  to  lie  over  the  true  scene.  This  problem 
would  be  minimized  by  utilizing  a  non-symmetrical  optical  arrangement,  i.e., 
having  the  two  reference  beams  impinge  at  different  angles.  This  approach 


would  require  additional  care  that  the  two  images  were  sufficiently  similar 
to  allow  their  proper  superposition. 

The  precise  superpositioning  of  the  two  holographic  images  which  are 
required  to  reduce  the  particle  data  is  another  area  where  improvement 
can  be  made.  The  method  chosen  employed  the  use  of  two  recti  cl es.  One 
was  mounted  on  the  outer  side  of  each  of  the  wind  tunnel  windows  (actually 
about  1/2  inch  from  the  window  and  tilted  to  be  perpendicular  to  the  scene 
beam).  These  were  positioned  to  be  near  the  edge  of  the  scene  so  that  they 
could  be  seen  when  viewing  the  holograms  but  not  interfere  with  the  data 
reduction.  In  practice,  it  was  difficult  to  set  the  reconstruction  optics 
to  have  the  required  resolution  and  clarity  over  so  large  a  scene  volume. 

A  better  approach  would  have  been  to  make  alignment  holograms  wherein  the 
recticles  were  positioned  in  the  volume  which  the  particles  would  occupy. 
The  reconstruction  optics  could  then  be  aligned  using  this  hologram  (a  new 
one  would  be  required  with  each  change  in  model  position  or  optics  adjust¬ 
ment).  The  data  hologram  could  then  be  substituted  into  the  reconstruction 
set  up.  A  similar  approach  was  used  in  the  interferometric  tests  where  a 
pin  was  inserted  into  a  pressure  tap  on  the  model  for  a  set  up  hologram  in 
order  to  later  focus  the  camera  into  the  plane  of  the  pressure  taps. 

Although  the  velocity  field  was  not  mapped  in  this  study  with  the 
recommended  changes  the  technique  could  be  used  to  determine  the  three- 
dimensional  velocity  field  for  aerodynamic  flow  of  this  type.  However, 
at  the  present  state-of-the-art,  the  usefulness  of  such  a  method  is  limited 
by  restrictions  on  particle  size  and  data  reduction  techniques. 

For  particles  to  follow  streamlines  in  a  vortex  flow,  small  particle 
sizes  <t>  £  5  microns  are  required.  However  particles  that  are  too  small 
scatter  less  light  and  are  difficult  to  record.  The  resolution  after 
reconstruction  depends  upon  the  resolution  by  the  photographic  emulsion 
and  importantly  on  the  distance  between  the  particle  and  recording  plane. 

At  present,  particle  sizes  of  about  100  microns  seem  to  be  an  optimum. 
Particles  this  large  will  probably  not  track  streamlines  accurately.  Also, 
as  demonstrated  in  the  present  study,  even  100  micron  particles  may  not 
be  that  easy  to  record  for  a  practical  wind  tunnel  study  where  dimensions 
of  the  optical  arrangement  are  constrained. 
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For  practical  aerodynamic  wind  tunnel  studies  very  large  amounts  of 
information  can  be  recorded  in  a  very  short  period  of  time  using  pulsed 
laser  holography.  Because  the  procedure  for  extracting  the  data  is  visual, 
i.e.,  each  particle  must  be  resolved  optically  and  its  position  recorded, 
data  reduction  is  a  problem.  The  importance  of  this  aspect  of  the  work 
should  not  be  underestimated  by  anyone  contemplating  using  these  techniques. 
Attempting  to  reduce  data  manually  using  a  microscope  (or  telescope)  to 
locate  individual  particles  is  tedious,  expensive,  and  nearly  impossible 
for  large  amounts  of  data.  An  automated  system  for  identifying  particles 
and  recording  their  location  will  be  required  for  practical  application 
of  the  method. 
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7.0  CONCLUSIONS  AND  RECOMMENDATIONS 


Two  ogive  cylinder  wind  tunnel  pressure  models  were  tested  in  TRW's 
low  speed  wind  tunnel.  Measured  pressure  distributions  and  vortex  asymme¬ 
tries  were  sensitive  to  model  roll  orientation  for  constant  tunnel  condi¬ 
tions  and  model  attitude.  Values  of  side  force  coefficient  obtained  by 
integrating  the  surface  pressure  distribution  agreed  well  with  previous 
experimental  results.  Values  of  normal  force  coefficient  were  higher  than 
that  obtained  by  other  investigators. 

Holographic  interferometry  was  used  to  visualize  the  three  dimensional 
structure  of  the  vortex  flow  field.  Fringe  patterns  viewed  from  the  side 
(out  ot  the  angle  of  attack  plane)  were  difficult  to  interpret  in  terms  of 
vortex  core  locations.  Helium  was  entrained  into  the  entire  vortex  struc¬ 
ture  and  not  restricted  to  the  area  of  the  core.  Vortex  cores  could  be 
seen  in  views  taken  in  the  angle  of  attack  plane  looking  directly  down  the 
missile  axis.  Qualitative  agreement  was  obtained  between  core  location 
and  the  measured  pressure  distributions.  Further  analysis  of  the  data  is 
required  to  obtain  the  three  dimensional  position  of  the  cores. 

Dual  exposure  holograms  of  the  particle  seeded  flow  field  were  taken 
by  rapidly  double  pulsing  a  ruby  laser.  The  technique  used  two  separate 
reference  beams,  one  for  each  exposure.  Reconstruction  of  the  scene  with 
one  reference  beam  revealed  particles  with  a  resolution  of  about  50  microns 
Problems  encountered  in  reconstructing  with  the  second  reference  beam  pre¬ 
vented  reducing  the  spatial  information  to  three-dimensional  velocity 
measurements  with  the  present  optical  apparatus.  Particle  identification 
was  difficult  due  to  extraneous  noise  in  the  hologram,  and  due  to  shadows 
created  by  the  model . 

Practical  applications  of  the  holographic  methods  for  general  aero¬ 
dynamic  flows  such  as  the  high  angle  of  attack  vortex  wake  flow  involves 
a  number  of  difficulties  which  may  be  overcome  but  with  considerable 
effort.  A  basic  concern  with  tracking  particles  using  holography  or 
any  other  seeded  flow  technique  is  that  the  particles  follow  the  flow. 

Small  particles  will  follow  the  flow  but  are  difficult  to  resolve  in  the 
reconstructed  scene.  Reducing  the  information  recorded  in  three-dimensional 
space  to  flow  field  velocities  while  trival  theoretically  presents  a  problem 


for  large  amounts  of  data.  An  automated  particle  identification  and 
recording  technique  is  required  to  make  holographic  velocimetry  practical 
for  measuring  general  aerodynamic  flow  fields. 
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